We report the first direct observation of the hydrogen-bond stretching vibration for a water cluster. A perpendicular band of ͑D 2 O͒ 3 was measured by terahertz laser vibration-rotation-tunneling spectroscopy at 142.8 cm Ϫ1 in the ''translational band'' region of the liquid corresponding to the hindered translational motions of water molecules. We have tentatively assigned the spectrum to transitions from the vibrational ground state to the degenerate hydrogen-bond stretch or a combination or mixed state of the degenerate stretch and a torsional vibration. Comparison with theoretical results shows that calculated frequencies are much too high, presumably because they do not include coupling between the torsional and stretching vibrations.
I. INTRODUCTION
In recent years the study of small water clusters in the gas phase has been stimulated by the prospects for determining an accurate intermolecular potential for water as well as for unraveling the molecular details of the hydrogen-bond dynamics. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Water clusters have now been studied in great detail by microwave and terahertz laser vibration-rotationtunneling ͑THz-VRT͒ spectroscopy at low frequencies ͑Ͻ105 cm Ϫ1 ͒, and in less detail in the mid-infrared by a variety of methods including infrared cavity ringdown spectroscopy. 1, 7, 11, [13] [14] [15] [16] There have been numerous theoretical efforts comparing the THz-VRT results with calculations employing both ab initio results and empirical potentials. The experimental results have allowed the determination of the two most accurate intermolecular water pair potential to date. The first is the VRT͑ASP-W͒ potential of Fellers et al., 12 who made a six-dimensional fit based on Stone's ASP-W potential to water dimer spectroscopic data. This polarizable potential accurately reproduces the experimentally determined properties of the water dimer as well as the second virial coefficients of water and it even reproduces the structures of the trimer and tetramer, since it implicitly contains the dominant many-body interaction ͑induction͒. What is missing for describing the bulk phases of water at this point is principally the three-body exchange interaction, which constitutes ϳ10% of the liquid cohesive energy. 17, 18 The second accurate water pair potential is SAPT-5s-tuned 19 based on the SAPT-5s potential fit to a large number of ab initio data points computed by symmetry-adapted perturbation theory ͑SAPT͒. This potential was improved by tuning it to spectroscopic data in six-dimensional calculations of the water dimer far-infrared spectrum. When supplemented with explicitly calculated three-body interactions obtained by SAPT, it reproduces not only the equilibrium structure of the water trimer, but also the measured torsional frequencies.
The water trimer, the structure of which is shown in Fig.  1 , is thus the key to the next step toward developing an accurate model for the bulk, as the VRT data allow explicit quantification of three-body forces. Current interest in the water trimer is evidenced by the large number of recent theoretical calculations investigating its structure, torsional potential energy surface, vibrations, and hydrogen bond tunneling dynamics. 2, 8, [20] [21] [22] [23] [24] [25] [26] Much effort has been spent in collecting an extensive experimental data set for ͑H 2 O͒ 3 , ͑D 2 O͒ 3 , and the mixed isotopomers by VRT spectroscopy, with four, seven, and six vibrational bands, respectively, observed to date. [26] [27] [28] [29] [30] All previously reported water cluster VRT spectra, with exception of the 137.7 cm Ϫ1 ͑D 2 O͒ 4 band, lie in or close to the ''bending band'' of liquid water ͑ϳ60 cm Ϫ1 ͒. These VRT results have been primarily limited to torsional motions of the free hydrogens, which are not thought to be a dominant motion in room temperature liquid water because of the small number of single donor-single acceptor molecules in the liquid. Although these VRT spectra have facilitated the development and calibration of various potentials and theoretical models, and have yielded much insight into the nature of hydrogen-bond-tunneling dynamics, it would clearly be a͒ Author to whom correspondence should be addressed. Electronic mail: saykally@uclink4.berkeley.edu very interesting to investigate cluster vibrations which more closely resemble those known to occur in liquid water.
The lowest strong vibrational feature of the liquid is the ''translational band,'' centered at 180 cm Ϫ1 in H 2 O and 170 cm Ϫ1 in D 2 O. The hindered translation of water molecules giving rise to this absorption feature is essentially a hydrogen bond stretching vibration, but no detailed experimental study exists that would allow the characterization of these motions on a molecular level. It has been proposed that the hydrogenbond stretching vibrations in the liquid are local vibrations involving only a very small number of water molecules. 31 The hydrogen-bond stretching vibrations of small water clusters can therefore provide models for translational vibrations in the bulk, especially as the free hydrogens-the main distinction of water clusters from the bulk-are predicted not to influence the stretching vibrations significantly. A study comparing the effect of exciting the various intermolecular vibration on the dynamics of water clusters with liquid water is ongoing. Therefore, we have sought to extend the frequency range of our terahertz spectrometer to enable the study of this novel vibrational motion.
We have investigated the frequency range from 4.1-4.3 THz ͑137-143 cm Ϫ1 ͒, thus performing the first high resolution measurements in the translational band region of liquid water. Figure 2 shows the observed transitions for D 2 O in relation to the translational band of the liquid. We have assigned a VRT spectrum of ͑D 2 O͒ 3 centered at 4.284 781 79͑27͒ THz to the degenerate hydrogen bond stretch vibration, combination band, or mixed level of the degenerate hydrogen bond stretch and torsional vibrations.
II. EXPERIMENT
The Berkeley terahertz spectrometer used in the observation of the new 142.8 cm Ϫ1 ͑D 2 O͒ 3 band has been described previously and only the principal features and recent improvements will be discussed here. [32] [33] [34] Tunable terahertz laser light is generated by nonlinear mixing of fixed frequency THz radiation with tunable microwave radiation in a Schottky barrier diode. The 9 P(34) transition of a line tunable CO 2 laser with an output of 85 W is used to pump the 70 m(4.251 6736 THz͒CH 3 OH gas laser. The THz radiation and the fundamental, first, or second harmonic of a HP8367B microwave synthesizer ͑2-26 GHz͒ are coupled through an antenna onto a 1T24 Schottky barrier diode. Mixing in the diode produces tunable sidebands with frequencies of ͑laser͒Ϯ͑microwave͒, which results in an effective tuning range of 2-60 GHz centered around each FIR laser. The sidebands are multipassed through a pulsed supersonic expansion of a mixture of argon and D 2 O and detected on an unstressed germanium/gallium photoconductive detector. The pulsed molecular beam is produced by expanding pure Ar, saturated with D 2 O, through a 101.6 mm-long slit at a repetition rate of 33 Hz while maintaining the vacuum chamber at approximately 35 mTorr with a Roots blower ͑Edwards EH4200͒ backed by two rotary pumps ͑Edwards E2M275͒.
The extension of the frequency range of our instrument to frequencies larger than 3.0 THz, which corresponds to the translational band region of liquid water, has been made possible through the recent improvements in Schottky barrier technology by Crowe and co-workers. 35 Earlier Schottky barrier diodes designed for high frequency made measurements above 4 THz extremely difficult as the contact between the antenna and the diode was very unstable and it was time consuming to repeatedly reestablish the contact. Although the contact area between the diode and the antenna for the 1T24 diode remains much smaller than the 1T12 Schottky barrier diode used in previous, lower frequency experiments, the stability and time for recontacting are comparable.
FIG. 1. The equilibrium structure of the water trimer is shown together with one of the two experimentally observed tunneling motions. The facile flipping motion of the free hydrogen/deuterium connects two degenerate minima on the potential energy surface. Altogether six such minima can be interconnected through this torsional motion, splitting each torsional energy level into six.
FIG.
2. An overview of the observed D 2 O transitions with respect to the translational band of liquid D 2 O shows that the 142.8 cm Ϫ1 band lies well within the translational band of the liquid. The first inset shows a stick spectrum representation of the 142.8 cm Ϫ1 ͑D 2 O͒ 3 band and the second inset is a scan of the R R 2 (2) transition, representative of the strongest observed rovibrational transitions.
III. RESULTS
We report the observation of an a-type VRT spectrum of ͑D 2 O͒ 3 at 142.8 cm Ϫ1 ͑4.284 781 79͑27͒ THz͒. As the experimental A and B rotational constants are identical for the water trimer, a-type and b-type spectra are identical. A total of 119 transitions were measured with a precision of 3 MHz and assigned by first identifying the Q-branches and then using known vibrational ground state combination differences of ͑D 2 O͒ 3 to assign the P-and R-branch lines. Using combination differences of the first degenerate excited levels resulted in much larger differences between calculated and observed values.
A stick spectrum representation of the new band, together with the observed R R 2 (2) transition is shown in the inset of Fig. 2 and is typical for a perpendicular band of an oblate symmetric top. The most intense transitions were observed in the R-branch and have a signal-to-noise ratio ͑S/N͒ of about 30:1. This can be compared to a S/N ratio of about 8000:1 for the strongest torsional band ͑sum of all bifurcation tunneling components͒. The linewidths were about 3.7 MHz slightly larger than the Doppler limited linewidths observed in the 4.1 THz(137.7 cm Ϫ1 ͒͑D 2 O͒ 4 band. Bifurcation tunneling splittings were not observed, in contrast to all previously observed ͑D 2 O͒ 3 bands except for the 583.2 GHz band reported in the previous paper. Decreasing the modulation depth revealed barely observable shoulders on each line, indicating possible bifurcation tunneling splittings of less than 1 MHz. Due to the decrease in signal intensity accompanying reduced modulation depth this was only observable for the strongest transitions. No R-branch transitions higher in frequency than R R 3 (3) were observable due to limitations of the microwave frequency available for sideband generation.
The spectrum exhibits severe Coriolis perturbations. Compared to other Q-branches, the R Q 0 -branch is expanded and the P Q 1 -branch is compressed. The KЈϭ1 states of the ⌬Kϭϩ1 band are split into a doublet, with the R Q 0 -transitions terminating in the lower energy doublet component and the R P 0 -and R R 0 -transitions in the higher energy one. All Kϭ0ϽϪ1 transitions are split into nearly equally spaced equal intensity triplets, which is readily observable in the P Q 1 -branch shown in Fig. 3 , but is also found for the P P 1 -branch transitions. The spacing shows no significant dependence on J, although there might be a slight decrease of the magnitude of the splitting for higher J-values. The spacing of these triplets is nearly equal with about 10.0 and 8.7 MHz ͑Fig. 3͒.
Previous work on the torsional states of the water trimer introduced a quantum number k associated with the pseudorotational symmetry associated with these states. In the G 6 PI group of the water trimer there exist six symmetries and their correlation to the k-label are shown in Table I . Selection rules require that the excited state have kϭϮ2 symmetry for an a-type band originating in the vibrational ground state. The appearance of the spectrum is very similar to that of the 28 and 81.8 cm Ϫ1 bands of ͑D 2 O͒ 3 . Accordingly, the assigned transitions were fit to the energy expression developed for those bands. 26 The assigned transition frequencies are given in Table II together with the differences between observed and calculated frequencies.
The molecular constants determined from this fit are given in Table III . It was not possible to fit the C-rotational constants for the excited and the ground state without correlation, and only ⌬C will be discussed. The rms deviation of the fit was 0.86 MHz, which is better than the frequency accuracy of the experiment, and the quality of this fit is one of the best obtained for any VRT band measured to date.
IV. VIBRATIONAL ASSIGNMENT AND ANALYSIS
Before discussing the vibrational assignment it is helpful to review some of the characteristics of the previously observed ͑D 2 O͒ 3 bands, insofar as they pertain to the analysis of the band reported here.
A. Previously observed "D 2 O… 3 bands
Six VRT bands of ͑D 2 O͒ 3 have previously been measured, all of which arise from torsional vibrations and occur at frequencies below 100 cm Ϫ1 . 26, 28 This collection of bands at low frequencies has been explained in detail previously 26 and is caused by the very facile flipping motion of the free deuterons ͑Fig. 1͒. Flipping of one of the two free deuterons which are on the same side of the oxygen framework is symmetrically equivalent to a rotation around the figure ͑c͒ axis. The barrier for this motion is very near to the zero point energy, giving rise to a very large tunneling splitting and generating the pseudorotational manifold of energy levels shown together with the previously observed transitions between them in Fig. 1 of the preceding paper. 8, 25, 28 The mo- 
lecular constants describing the torsional energy levels, together with some characteristics of the observed bands are in Tables IV and V. All bands involving degenerate levels are perturbed, and both the 28 and 81.8 cm Ϫ1 bands show splittings of the K ϭ1 level of the ⌬Kϭϩ1 transitions and have anomalous bifurcation tunneling splittings of the Kϭ0ϽϪ1 transitions. The perturbation is of the form expected for first-order Coriolis interactions with K-type doubling. van der Avoird et al.'s detailed treatment of the water trimer including the torsional and bifurcation tunneling motion as well as overall rotation showed that while the flipping motion is symmetrically equivalent to rotation around the C-axis, the expectation value for first-order vibrational angular momentum is zero and there can therefore be no first-order Coriolis interaction. 25, 36 The recent fits of all previously observed ͑D 2 O͒ 3 bands to van der Avoird et al.'s model explains nearly all observed perturbations for these bands. 26, 28 TABLE II. The assigned transitions are shown together with the difference between calculated and observed frequencies. The centers of the Kϭ0ϽϪ1 triplets were used in the fit. The two degenerate vibrational levels are labeled Јϭ1, 2, with the level pushed to higher energy by the Coriolis interaction being Јϭ2. Label The B rotational constant decreases with increasing torsional energy, whereas the C-rotational constant is larger for all excited torsional energy levels than for the ground state ͑see Fig. 4͒ . This leads to a more negative inertial defect in the excited states, consistent with an out-of-plane torsional vibration. The Coriolis constant appears to decrease for the higher lying torsional manifold (kϮn 1 ) and is already close to zero in the Ϯ2 1 level.
All previously observed ͑D 2 O͒ 3 bands share a distinctive feature in that each transition is split into an equally spaced quartet with a characteristic intensity pattern. This splitting arises from the bifurcation tunneling motion, which connects eight degenerate minima on the potential energy surface requiring an expansion of the PI Group from G 6 to G 48 . The tunneling motion splits each symmetry in the G 6 group into four states ͑e.g.,
ϩ ͒ with characteristic nuclear spin weights of ϳ7:11:5:1, which is reflected in the observed intensity pattern. The magnitude of the tunneling splitting increases with the energy of the vibrational level whereas the observed splittings do not follow a smooth trend, as they can arise either from the difference or the sum of the bifurcation tunneling splittings in the ground and excited state ͑see Table V͒. The bifurcation-tunneling motion consists of the exchange of a bound and a free deuterium atoms of one water molecule accompanied by an odd number of flips of neighboring water molecules. This weak coupling between the torsional motion ͑flip͒ and the bifurcation tunneling pathway probably explains the slight increase in the magnitude of the splitting with increasing torsional energy.
Both the 28 and 81.8 cm Ϫ1 bands have anomalous bifurcation tunneling splittings in the Kϭ0ϽϪ1 transitions. In the degenerate vibrational levels there exist two degenerate T g -and T u -states, whereas the A-states are nondegenerate. The two degenerate T-states are connected via the bifurcation-tunneling pathway and split, resulting in four states, which together with the A-states gives rise to six tunneling components. The magnitude of the tunneling splittings is such that a pseudoquartet appears again, but with an unusual intensity ratio of 248:54:108:70 ͑see Fig. 5͒ . The magnitude of the observed splitting for this pseudoquartet is very similar to the regular bifurcation tunneling splitting. This is only observed for the Kϭ0 levels, as the other levels are not degenerate because their splitting is proportional to K via the Coriolis interaction. 25 Only ⌬C was determined as it was not possible to fit CЈ and CЉ without correlation. ⌬⌬ϭ⌬BϪ2⌬C is related to the difference in inertial defect, ⌬(⌬ϭI c ϪI a ϪI b ), between the excited state and ground state. Like the inertial defect, it is a measure of planarity of a molecule, with a planar molecule having BϪ2Cϭ0, and ⌬ϭ0, and a negative sign indicates nonplanarity. is the linear Coriolis term and ͉ ϩϩ ͉ the second order term developed by Viant and Geleijns. a The excited state of the 142.8 cm Ϫ1 band is the first ͑D 2 O͒ 3 or ͑H 2 O͒ 3 band with a negative ⌬C and has the smallest increase of the inertial defect for any band.
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B. Vibrational assignment
Ab initio calculations predict a number of states between 100 and 200 cm Ϫ1 with the observed excited state symmetry. 5 The first is the lowest heretofore unobserved purely torsional energy level of A 3 ϩ ,A 2 ϩ symmetry, which we will call Ϯ2 2 , calculated to lie at 167 cm Ϫ1 . 36 Although this energy is about 15% too high, it is not unreasonable as the calculated value for the torsional energy level at 98 cm Ϫ1 is also 10% too high. According to Sabo et al., the Ϯ2 2 level may well consist of a combination level of the 1 and 2 torsional modes, whereas all previously observed levels only involve the 1 normal mode. 8 Of course, a normal mode description is poor for large amplitude motions and every vibration can certainly be a combination of the normal mode motions.
All other calculated levels involve the hydrogen-bond stretching vibrations. Ab initio calculations generally give three stretching vibrational frequencies: the symmetric stretch at about 175-210 cm Ϫ1 , and two asymmetric-stretch frequencies at somewhat lower frequency. 3, 5 The symmetric stretch has A 1 ϩ symmetry and could therefore only be observed in a combination band with the Ϯ2 0 torsional level. It is unlikely that the 142.8 cm Ϫ1 band corresponds to this case, as the intensity of such a combination band would be extremely weak. 5 Furthermore, the estimate of the symmetric stretch frequency is probably better than for the case of both the very anharmonic torsions and the asymmetric stretch as this is expected to couple strongly to the torsions, which would lead us to expect such a combination band of symmetric stretch and torsion at much higher energies. The situation for the asymmetric stretch is more complicated. The ground state wave function of ͑D 2 O͒ 3 is equivalent to that of an oblate symmetric top, and thus one expects a degenerate asymmetric hydrogen-bond stretching vibration of the observed symmetry rather than two distinct asymmetric vibrations. 21 This degenerate asymmetric stretch itself also is of kϭϮ2 symmetry and could therefore correspond to the observed band. asymmetric stretch could itself give rise to a manifold of pseudorotational energy levels similar to that of the torsional motion, thereby lowering the energy of the first degenerate stretching vibration considerably, as in the case of the torsions. 21 It is also expected that the degenerate asymmetric stretching vibration will generate first-order vibrational angular momentum and furthermore couple strongly to the higher torsional manifolds, allowing combination bands and possibly resulting in mixed modes containing both torsional and stretching motions. 21 Thus there exist three other ͑in addition to the kϭϮ2 2 level͒ low-lying states with the correct symmetry ͑see Fig. 6͒ . The first state consists of the pure degenerate asymmetric stretching vibration. The second possible state consists of a combination band of the Ϯ2 0 torsional mode with the degenerate asymmetric stretch, and the third is a mixed mode involving both the degenerate asymmetric stretch and some excited torsional motion. A distinction between the four possible assignments, especially the latter three, is only possible through the detailed analysis of the observed molecular constants, perturbations, and intensity of the band.
C. Analysis of 142.8 cm À1 band
The similarities between the new band and the 28 and 81.8 cm Ϫ1 bands, and especially the fact that it was only possible to get a fit of the data using the Hamiltonian developed explicitly for the torsional energy levels, suggests that the vibration at least partially involves a torsional motion. However it should be pointed out, that the excited state of the asymmetric stretch can be viewed as ''combination level'' with the torsional ground state level (kϭϮ0 0 ). This state is already delocalized over the whole torsional subspace and thus even the excited state of the asymmetric stretch corresponds to a kϭϮ2 level with large torsional contributions in agreement with the results from the fit.
Intensity
The calculated and experimental intensities for all ͑D 2 O͒ 3 bands originating from the ground state are shown in Table V . The intensities of bands originating in the Ϯ1 0 level are not comparable, as this level is significantly less populated in a supersonic jet than is the ground state. The calculated and experimental relative intensities of the k ϭϮ2 0 ϽϪ0 0 and the kϭϮ3 0 ϽϪ0 0 transitions compare fairly well, whereas the experimental intensity of the k ϭϮ2 1 ϽϪ0 0 transition is too low, which is due to the fact that it was measured with an older source generation. The largest S/N ratio for a single tunneling component of the k ϭϮ2 0 ϽϪ0 0 transitions was about 100:1, corresponding to a S/N ratio of about 250:1 for the sum of all four tunneling components. 26 This is about one order-of-magnitude stronger than observed for the new band, revealing the latter to be the weakest ͑D 2 O͒ 3 spectrum, and indeed one of the weakest water cluster absorptions detected to date. The sensitivity of our spectrometer is comparable at the higher frequencies and we were able to observe transitions from J-values as high as 40 for the R-branch transitions of the 137.7 cm Ϫ1 ͑D 2 O͒ 4 band. Table V also shows the calculated intensity for the k ϭϮ2 2 ϽϪ0 0 trimer transition, which is comparable to that of the kϭϮ2 0 ϽϪ0 0 transition. 37, 38 The low observed intensity of the present VRT band differs significantly from this trend and reflects what might be expected for the pure asymmetric stretch, a mixed asymmetric stretch/torsional vibration, or for a combination band of asymmetric stretch and torsion. The intensity for a combination band is expected to be very small making experimental observation of such a band quite unlikely, and although we cannot rule out this possibility with certainty, no combination band has been observed for any water cluster to date.
Molecular constants
Viant et al. showed that the experimental value of the B-rotational constant of ͑D 2 O͒ 3 decreases linearly with torsional energy and the B-value for the 142.8 cm Ϫ1 band fits this trend quite well ͑see Fig. 4͒ . 26 This increase was explained with an increase in the average O-O distance by coupling of the symmetric stretch with the torsional motion. Sabo et al. have proposed that for the higher torsional levels additional coupling to the degenerate asymmetric stretch is required to rationalize the observed B-value. 21 The C-rotational constant cannot be determined for the torsional states as it is contaminated by the Coriolis perturbation. These examples show that care has to be taken when extracting a structural interpretation from rotational constants. However it is interesting to attempt such an interpretation as it can reveal information about the nuclear motions of a vibrational state. The 142.8 cm Ϫ1 band is the only ͑D 2 O͒ 3 or (H 2 O) 3 band to date that shows a negative value for ⌬C. In fact, two times ⌬C is close to the value of ⌬B, showing that the inertial defect does not increase significantly in the excited vibrational state. This is the smallest increase in inertial defect of all observed ͑D 2 O͒ 3 bands, far smaller than for the other levels lying at high energy. As the magnitude of the inertial defect correlates with the amount of out-of-plane torsional motion, the most obvious interpretation is that the small change in inertial defect emanates from a small degree of torsion. At the same time, the overall decrease of the rotational constants strongly suggests a stretching motion. Sabo et al. have shown that the interpretation of the rotational constants of the torsional energy levels is not straightforward. 21 The vibrational wave function is delocalized over the entire torsional subspace for ͑H 2 O͒ 3 and to a smaller extent for ͑D 2 O͒ 3 . It is necessary to look at the nodes or maxima of the torsional wave functions to deduce the structures where the highest probability is located, and then to infer the effect on the rotational constants. Sabo et al. have shown that larger torsional excitation does not simply give higher probabilities at larger distances from the plane of the oxygen atoms. 8, 21 The calculations for the lower levels show an increase of the C-constant with energy within each manifold, with a sudden decrease at the beginning of the next highest manifold. Unfortunately, Sabo et al. do not present any results for the torsional wave functions of the Ϯ2 2 levels. If the Ϯ2 2 level can be interpreted as consisting of the 1 and 2 torsional normal modes, it is possible to look at the wave functions of these two individual levels and interpret the Ϯ2 2 level as the product of the two. The results show that most of the probability is located close to the minimum structure and not in structures with deuterons in the plane. Therefore it appears that the Ϯ2 2 level should not have a dramatically smaller inertial defect than other torsional levels, nor a negative ⌬C value. On the other hand the observed small value of B and the change in inertial defect are rather easy to explain for the degenerate hydrogen bond stretch or a mixed stretch/torsional motion. A hydrogen bond stretching motion should generate a small positive change in the inertial defect, which together with a small torsional contribution, would explain the observed small negative change of the inertial defect. The Coriolis constants and ͉ ϩϩ ͉ of the 142.8 cm Ϫ1 band are similar to those of the Ϯ1 0 , and especially the Ϯ2 0 levels. The Ϯ2 1 level already has a negligible so we expect a similar value for the higher Ϯ2 2 level, although this is not certain. It is expected that the degenerate asymmetric stretch generates vibrational angular momentum, and all degenerate torsional levels appear to have a sizeable ͉ ϩϩ ͉ ͑see Table  IV͒ . The observed values of and ͉ ϩϩ ͉ can then be explained by a combination band, with a ͉ ϩϩ ͉ value close to that of the Ϯ2 0 level and that of including contributions from both the asymmetric stretch and the Ϯ2 0 level. Alternatively, the pure degenerate hydrogen bond stretch or a mixed level of the asymmetric stretch and torsion could still have an appreciable value of ͉ ϩϩ ͉ from the torsional motion and from the asymmetric stretch. It was not possible to fit the respective contributions of the torsion and asymmetric stretch to without correlation, in order to distinguish between the latter scenarios.
Bifurcation-tunneling splittings
The lack of observed bifurcation-tunneling splittings in the VRT spectrum is remarkable, and actually hindered the initial identification of the carrier of the band. The only evidence for a regular splitting due to bifurcation consists of the shoulders on the peaks, limiting the observed splittings to less than 1 MHz. Therefore the magnitude of the splitting for the excited state has to be about the same as for the ground state. The small tunneling splitting together with the anomalously large Kϭ0ϽϪ1 splittings are difficult to rationalize with a purely torsional motion, but rather indicate a novel perturbation resulting from a new type of motion.
Generally, a significant increase of the bifurcation splitting with torsional energy has been observed, and from the previous results one would expect a splitting larger than 10 MHz-one order-of-magnitude larger than that observed. All of these previously observed level predominantly consist of the 1 torsional normal mode, whereas the Ϯ2 2 level can be interpreted as a combination of the 1 and 2 normal modes. It is possible that the 2 normal mode does not couple to the bifurcation tunneling pathway, or couples to a different pathway containing an even number of flips of neighboring water molecules, perhaps with an opposite sign of the magnitude of the splitting. Therefore, we might then expect splittings of the same magnitude or even less than for the Ϯ1 0 level ͑stemming mainly from the 1 contribution of the Ϯ1 0 level͒. Although this speculative scenario could explain how the Ϯ2 2 levels could lead to small regular bifurcation tunneling splitting, it fails to rationalize the large Kϭ0ϽϪ1 splitting. van der Avoird et al.'s treatment of the torsional vibrations includes bifurcation tunneling and has explained the cause of the anomalous Kϭ0ϽϪ1 splittings for the torsional states ͑see Fig. 5͒ . Observation of an equal intensity triplet split by 10 MHz and caused by the mechanism found for the torsional states can only occur if the splitting is large ͑ϳ15 MHz͒ and equal in ground and excited state. This is not the case, as van der Avoird et al. find an upper limit of 1.5 MHz for the magnitude of the splitting of the ground state. 36 Even taking the possible participation of the second bifurcation tunneling pathway ͑from the 2 mode͒ into account, the observation of a small regular splitting together with the splittings of the Kϭ0ϽϪ1 transitions can therefore not be explained by the torsional vibrations.
The equal intensity triplet can be explained easily if the degenerate T u -and T g -levels are split but the A g -and A u -levels remain unaffected. This results in a 162:156:162 intensity ratio, which is identical with the observation, within the experimental uncertainty ͑see Fig. 3͒ . From this analysis we conclude that the origin of this splitting is not from the same mechanism as in the previously observed torsional bands, strongly suggestive of a novel type of perturbation and new vibrational mode.
Excitation of the degenerate asymmetric stretch would be expected to only have a small effect on the regular bifurcation tunneling splittings through an insignificant weakening of the hydrogen bond, but no direct coupling to the bifurcation pathway. Although this does not explain the splittings of the Kϭ0ϽϪ1 transitions, it is worth noting that for the degenerate asymmetric stretch, different pertur-bations might exist than for the torsional levels.
In summary, the observed perturbations and successful utilization of the torsional Hamiltonian in the fit strongly suggest the presence of torsional motion in the vibration, but this could already arise from the torsional ground state of the molecule. The small intensity, values of the molecular constants ͑negative ⌬B and ⌬C, small change in inertial defect͒, and especially the extremely small bifurcation tunneling splitting together with the anomalously large splitting of the Kϭ0ϽϪ1 transitions are only in agreement with assignment to a pure asymmetric stretching vibration or a mixed level or combination band of the degenerate asymmetric stretch with a torsional Ϯ2 n level.
V. DISCUSSION
The distinction between the four cases is important, as this determines whether the lowest excited purely translational level is at lower frequency. Sabo et al. predict that this should be the case through formation of a second pseudorotational manifold by the degenerate asymmetric stretch vibration. 21, 22 As mentioned previously this could also produce mixed levels between any of the excited manifold states of the torsional and degenerate asymmetric stretch levels, essentially removing the distinction between torsional and translational levels.
Given the new information presented here, we can predict other bands in the vicinity which might enable the distinction between a purely torsional or translational vibration, a mixed level, or a combination band ͑see Fig. 6͒ . In all cases, we can predict a parallel band at 134.3 cm Ϫ1 between the torsional Ϯ1 0 level and the excited state of the 142.8 cm Ϫ1 band, regardless of its origin. This spectral region has not yet been studied, and in addition, such a study will be impeded by the small intensity for this transition, as it corresponds to a hot band. For a combination band of asymmetric stretch and the Ϯ2 0 level, the asymmetric stretch fundamental itself then is predicted at 114.8 cm Ϫ1 , a region that similarly has not been investigated, but this frequency could also be shifted due to the coupling. If the degenerate asymmetric stretch gives rise to a pseudorotational manifold and we are observing a mixed level, predictions become difficult. In addition to the band at 134 cm Ϫ1 we would expect transitions to other levels of the stretching/torsional manifold resembling the 142.8 cm Ϫ1 band. For the case of a pure asymmetric stretch vibration with weak coupling to torsions and no formation of a pseudorotational manifold only the next highest torsional kϭϮ2 level should be observed. We shall proceed with a search of both the 134 and 114 cm Ϫ1 regions, as this should allow unambiguous vibrational assignment of the new band. Furthermore a search at higher frequencies for the purely torsional Ϯ2 2 level or additional mixed levels will be undertaken. Last, a complete analysis of the anomalous splittings of the Kϭ0ϽϪ1 transitions could be very useful in unambiguously assigning the 142.8 cm Ϫ1 band and confirming this as the first observation of a translational vibration for a water cluster.
Previous THz-VRT results for small water clusters have been used to test results calculated using intermolecular po-tential surfaces ͑IPS͒ and ab initio theory. This has been largely motivated by the quest for an accurate intermolecular potential for describing the liquid. Although the torsional degrees of freedom studied previously for the water trimer have allowed refinement of existing intermolecular potentials, inclusion of the translational motions presented here represents a qualitative advance for testing and developing such potentials.
The most straightforward test of any model potential is a comparison of the calculated and experimental structures. The structures calculated with potentials that were obtained by fitting to bulk properties of the liquid generally do not reproduce the experimentally observed cluster structures. Both ab initio calculations and potentials based on them generally predict these structures fairly well, but ab initio calculations themselves are only feasible for small systems. 3 Accurate potentials should attempt to also reproduce the vibrational energy levels and hydrogen bond tunneling dynamics of water clusters, as these are a very sensitive probe of the detailed surface topology, and not just the minima. Although both ab initio results and the potentials based on them reproduce the minimum energy structures quite well, they do not reproduce experimental vibrational frequencies, and the tunneling splittings calculated with intermolecular potentials are often inaccurate by orders-of-magnitude. By comparison VRT͑ASP-W͒ and SAPT-5s-tuned do reproduce the tunneling splittings of the water dimer accurately, since they were fit to these data. 12, 19 Table VI shows a comparison of some experimental vibrational frequencies for the water trimer and ab initio frequencies calculated using a harmonic approximation. Such calculations cannot reliably predict vibrational frequencies, as the water trimer is a weakly bound system and is very anharmonic. The 142.8 cm Ϫ1 band demonstrates this even for the stretching vibrations, which are expected to be less anharmonic than torsional vibrations. The lowest calculated ab initio torsional vibrational energy level is 142 cm Ϫ1 above the ground state, whereas experimentally nine levels, all due to one torsional vibration, have been found for ͑D 2 O͒ 3 below 100 cm Ϫ1 . None of these calculations takes the correct symmetry of the ground state of the molecule into account, and for example, the calculations by Klopper and Xantheas both give three different stretching vibrations. Calculations of cluster vibrations therefore must go beyond harmonic approximations and take coupling of various intermolecular degrees of freedom into account. 28 Neglecting the intramolecular vibrational degrees of freedom a complete treatment of the IPS of the water trimer requires use of a 12D IPS. Fully coupled calculations for the trimer, utilizing IPS fit to ab initio or experimental results have not yet been possible, but instead a number of increasingly sophisticated models have been developed for the trimer, from early 1D torsional treatments up to the (3ϩ1)D (torsionsϩsymmetric stretch͒ treatment of Bacic et al. and the inclusion of torsion, overall rotation, and bifurcation tunneling by van der Avoird et al. 21, 25, 26, 36 It has been predicted that the adiabatic separation of the torsional degrees of freedom from the translational and librational ones is fairly good, and Klopper has shown that the stretching vibrations appear to vary only slightly between different stationary points on the torsional potential energy surface. 5 Although the low lying torsional transitions of the water trimer appeared to vindicate this, Bacic et al. have recently shown that inclusion of the symmetric stretch is necessary to reproduce the experimentally observed rotational constants even for the first manifold of torsional energy levels. 21 He predicts that the higher torsional energy levels have to include coupling to all stretching vibrational degrees of freedom. The experimental observation of a stretch level with significant torsional motion appears to confirm that extensive coupling of the asymmetric stretch vibration with the torsional vibrations exists. We conclude that calculations attempting to reproduce experimental results at higher energies will require inclusion of both torsional and translational degrees of freedom as well as bifurcation tunneling and overall rotation. Unfortunately no calculations at a 6D level including all torsional and translational degrees of freedom exist, but these should now be feasible.
VI. CONCLUSIONS
We have reported the measurement of a vibrational band of ͑D 2 O͒ 3 centered at 142.8 cm Ϫ1 in the translational band region of liquid water. Analysis shows that the band arises from transitions between the vibrational ground state and either the pure degenerate asymmetric stretch, or a combination band or mixed level of the asymmetric stretch and torsion. The band shows distinctly different tunneling splittings, unusual changes of the molecular constants for the excited state, as well as a much lower intensity than all previously recorded ͑D 2 O͒ 3 bands, in support of this assignment.
This represents the first experimental observation of the hydrogen-bond stretching vibration for a water cluster by high resolution spectroscopy and allows comparison with theoretical calculations for this important class of motions in the liquid. Our analysis shows that calculations require explicit consideration of torsional and translational degrees of freedom, as they otherwise do not represent the true symmetric vibrational ground state structure, nor are able to take the observed coupling between the degenerate asymmetric stretch and torsional energy levels into account. Theoretical calculations taking all six torsional and stretching degrees of freedom into account are necessary to obtain a proper description of the energy levels in this frequency region.
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